c. Dissolved oxygen (O 2 ). Samples were directly collected into calibrated 110 mL glass flasks and, after fixation with Cl 2 Mn and NaOH/NaI, they were kept in the dark until analysis in the laboratory 24 h later. O 2 was determined by Winkler potentiometric end-point titration using a Titrino 720 analyser (Metrohm) with a precision of ±0.5 µmol kg -1 .
d. Nutrient salts (NH 4
+ , NO 2 -, NO 3 -, HPO 4 2-, H 4 SiO 4 ). Samples for nutrient analysis were collected in 50-mL polyethylene bottles; they were kept cold (4ºC) until analysis in the laboratory using standard segmented flow analysis (SFA) procedures within 2 hours of their collection. The precisions were ±0.02 µM for nitrite, ±0.1 µM for nitrate, ±0.05 µM for ammonium, ±0.02 µM for phosphate and ±0.05 µM for silicate.
e. Dissolved organic carbon (DOC) and nitrogen (DON). Samples for dissolved organic
matter (DOM) were collected into 500 mL acid-cleaned flasks and filtered through precombusted (450ºC, 4 h) 47 mm ø Whatman GF/F filters in an acid-cleaned glass filtration system, under low N 2 flow pressure. Aliquots for the analysis of DOC/DON were collected into 10 mL precombusted (450ºC, 12 h) glass ampoules. After acidification with H 3 PO 4 to pH< 2, the ampoules were heat-sealed and stored in the dark at 4ºC until analysis. DOC and DON were measured simultaneously with a nitrogen-specific Antek 7020 nitric oxide chemiluminescence detector coupled in series with the carbon-specific Infra-red Gas Analyser of a Shimadzu TOC-5000 organic carbon analyzer, as described in Álvarez-Salgado and Miller (1998) . The system was standardized daily with a mixture of potassium hydrogen phthalate and glycine. The concentrations of DOC and total dissolved nitrogen (TDN) were determined by subtracting the average peak area from the instrument blank area and dividing by the slope of the standard curve. The precision of measurements was ±0.7 µmol C L -1 for carbon and ±0.2 µmol N L -1 for nitrogen. Their respective accuracies were tested daily with the TOC/TDN reference materials provided by D. Hansell (Univ. of Miami). We obtained an average concentration of 45.7 ± 1.6 µmol C L -1 and 21.3 ± 0.7 µmol N L -1 (n = 26) for the deep ocean reference (Sargasso Sea deep water, 2600 m) minus blank reference materials. The nominal value for TOC provided by the reference laboratory is 44.0 ± 1.5 µmol C L -1 ; a consensus TDN value has not been supplied yet, but a mean±SD value of 22.1±0.8 µmol N L -1 for four HTCO systems and 21.4 µmol N L -1 for one persulphate oxidation method has been provided by Sharp et al., (2004) as a result of the Lewes intercalibration exercise. DON was obtained by subtracting TIN (=ammonium + nitrite + nitrate) to TDN.
f. Dissolved organic phosphorus (DOP). Samples were collected and filtered as indicated
for the DOC/DON samples. The filtrate was collected into 50 mL polyethylene containers and frozen at -20ºC until analysis. It was measured by means of the SFA system for phosphate, after oxidation with Na 2 S 2 O 8 /borax and UV radiation (Armstrong et al., 1966) . Only the organic mono-phosphoric esters are analysed because poly-phosphates are resistant to this oxidation procedure. Daily calibrations with phosphate, phenyl phosphate and adenosine 5'-monophosphate (AMP) in seawater were carried out. Standards of AMP were analysed in order to calculate the mono-phosphoric esters recovery (~80%). The precision of the method was estimated as ±0.04 µmol P L -1 .
g. Dissolved mono-and polysaccharides (MCHO and PCHO). Sampling and storage
procedures were identical than for DOP samples. MCHO and PCHO were determined by the oxidation of the free reduced sugars with 2,4,6-tripyridyl-s-triazine (TPTZ)
followed by spectrophotometric detection at 595 nm (Myklestad et al., 1997) .
Quantification of MCHO and total dissolved carbohydrates (d-CHO) was made by subtracting the average peak height from the blank height, and dividing by the slope of the standard curve (glucose). The estimated accuracy was ±0.6 µmol C L -1 for MCHO and ±0.7 µmol C L -1 for d-CHO, and the detection limit was ~2 µmol C L -1 . See Nieto- i. Particulate organic phosphorus (POP). The same procedures of collection and storage than for POC/PON were followed, after filtration of 250 mL seawater. It was determined by H 2 SO 4 /HClO 4 digestion at 220ºC of the particulate material collected over Whatman GF/F filters. The phosphoric acid produced was analysed, after neutralisation, using the SFA procedure for phosphate. Standards of phosphate were run every day of analysis. The precision for the entire analysis was ±0.02 µmol P L -1 .
j. Particulate carbohydrates (Cho). About 250 mL of seawater were filtered and stored as indicated for POC, PON and POP. Cho determination was carried out by the anthrone method . It is based in the quantitative reaction of sugars with anthrone in a strongly acid medium at 90ºC, to give an intensely coloured compound.
The absorption was measured at 625 nm. The method was calibrated daily with Dglucose standards. The estimated accuracy of the method was ±0.1 µmol C L -1 k. Chlorophyll (Chl). One hundred mL of seawater was filtered through GF/F filters and frozen (-20ºC) before analysis. Chl was determined with a Turner Designs 10000R fluorometer after 90% acetone extraction (Yentsch and Menzel, 1963) . The estimated precision was ±0.05 mg m -3 .
l. Pigments. Sea water samples (1.5 L) were fractionated by filtering onto a 47 mm diameter Millipore APFD filter (nominal pore size 2.7 µm) and the filtrate filtered again through a Millipore APFF filter (nominal pore size 0.7 µm). The filters were frozen at -80º C until analysis. Pigment analyses were performed as described by Zapata et al., (2000) : frozen filters were extracted in 90% acetone and aliquots (140 µl) of clarified extracts were mixed with of MilliQ water (60 µl) immediately before injection in a Waters Alliance HPLC System (Milford, Massachusetts), comprising a separations module, a photodiode array detector and a fluorescence detector. The column (Symmetry C 8 column, 150 x 4.6 mm, 3.5 µm particle size) was themostatted at 25 ºC. Pigments were detected by their absorbance at 440 nm and in the case of chlorophylls by their fluorescence at 650 nm when excited at 440 nm. Pigments were identified by co-chromatography with authentic standards and by diode array spectroscopy. HPLC calibration was performed using chlorophyll and carotenoid standards isolated from microalgal cultures (see Zapata et al., 2000) . The molar extinction coefficients provided by Jeffrey (1997) were used for pigment quantification.
m. Plankton counts. Plankton samples were preserved in Lugol's iodine and sedimented in composite sedimentation chambers. The sedimented volume (10-50 ml) depended on the chlorophyll concentration of the sample. The organisms were identified and counted to the species level, when possible, using an inverted microscope. Small species were counted along two transects at x250 and x400 magnification. The larger forms were counted from the whole slide at x100 magnification. Counts are representative for individuals > 5 µm.
n. Metabolic balance of the water column. Daily photosynthetic (Pg) and respiration (R)
rates of the microplankton community were estimated by the oxygen light-dark bottle method (Strickland and Parsons, 1972 Chlorophyll samples were filtered onto 25 mm GF/F filters and extracted with 90%
acetone for 24 h at -20ºC. Chlorophyll concentration was determined by fluorometry using a Turner Designs fluorometer. Changes in the chlorophyll concentration were used to estimate the net growth rate (µ'= µ -g) of phytoplankton according to the equation:
where t is the duration of the experiment (24 h), C 0 and C t are the initial and final chlorophyll concentrations, respectively; µ and g are the instantaneous rates of phytoplankton growth and grazing mortality, respectively; and D is the dilution factor of the sample, which corresponds to the relative concentration of the prey and predator population. µ and g were estimated by linear regression of the daily net growth rate of phytoplankton (µ') against the dilution factor D.
p. Estimation of the chemical composition of biogenic materials. Fraga et al. (1998) 
Since suspended C, N, P, Cho and Chl have been measured, the system can be solved to obtain the average chemical formula and the proportions of the different biomolecules for each particular sample. Once the biochemical composition of each sample is known, oxygen production rates (Pg, in mmol O 2 m -3 d -1 ) can be converted into chlorophyll production rates (in mg Chl m -3 d -1 ) using the resultant R C = ∆O 2 /∆Corg stoichiometric ratio and the Chl contribution to the suspended organic carbon pool.
Results

a. Water transports
Persistent north westerly winds of about -6 m s -1 blew on the shelf from 18 to 24
February and, then, they suddenly reversed to south easterlies producing a peak of 6 m February, three days later, surface levels reduced to 4 mg m -3 and maximum chlorophyll concentrations of >11 mg m -3 were found in the bottom layer.
Diatoms and flagellates other than dinoflagellates were the main components of the microplankton population, accounting for 62-97% and 3-36% of the total cell abundance respectively ( The results on pigment composition during the sampling period confirmed the predominance of diatom type pigments in the micro-and nanoplankton fraction (operationally defined as organisms retained in the 2.7 µm nominal pore size glass fibber filter, according to Rodríguez et al., 2003) . µg L -1 ) were detected on 25 and, specially, on 28 February, suggesting that the decay of the diatom bloom was followed by an increase in organisms representative of the Division Chlorophyta (as reflected in the changes of proportions of diatoms and flagellates that sampling day, see Table 2 ). In the fraction operationally corresponding to picoplankton (organisms passing through 2.7 but retained by 0.7 µm nominal pore size glass fibber filter; Rodríguez et al., 2003) , only very small amounts of chlorophylls b and a were detected, indicating low photosynthetic biomass. The occurrence of chlorophyll b suggests the presence of cyanobacteria or, most probably and in agreement with cell counts ("small flagellates" in Table 2 ), small sized prasinophytes.
This group was found to be abundant in this fraction in late winter samples in the neighbour Ría de Pontevedra (Rodríguez et al., 2003) .
The vertical distribution of pigments followed the developing and decay of the bloom, with chlorophyll c 2 , and specially fucoxanthin (Figure 2k Table 3) . The most commonly used ∆O 2 /∆Corg ratio, also varied within a narrow interval (1.42 to 1.43 mol O 2 mol C -1 ), close to the Redfield value of 1.4 (Laws, 1991; Anderson, 1995; Fraga, 2001 ).
c. Production and consumption rates of Chla during the course of the bloom
The time evolution of Pg rates (Figure 2p) is marked by the impressive surface maximum of more than 110 mmol O 2 m -3 d -1 on 25 February 2002, during the transition from northerly to southerly shelf winds, which led to an integrated primary production of 7.77 g C m -2 d -1 (Table 4) . Since only 7.0% of the produced material was respired, 4.6% in the upper layer and 2.4% in the lower layer (Figure 2r) , most of it (Pn = 7.26 g C m -2 d -1 ) was available for transference to higher trophic levels (grazing) and/or horizontal or vertical export (Figure 2q ; Table 4 ). On the contrary, three days later, after a brief downwelling episode (Figure 2a, d , e & f), Pg rates had decreased to <20 mmol O 2 m -3 d -1 and R rates kept relatively high, specially at the bottom layer: 68.4 % of the produced material was respired in the water column, 30% in the upper layer and 38.4% in the lower layer (Table 4) . This maximum of respiration at the bottom coincided with high chlorophyll levels (Figure 2j ).
In summary, 11.3% of Pg during the sampling period (18-28 February 2002) was respired in the upper layer, 12.1% was respired in the lower layer and 76.6% was available for in situ grazing and horizontal ( Assuming that this percentage is applicable to the whole study period and that the species composition of microheterotrophs and phytoplankton do not change with depth (Nogueira et al., 2000) , a constant with depth grazing rate was supposed. In addition, an average µ for the photic layer (µ m ) was calculated from the empirical µ at the 50% PAR and the proportion between the 50% PAR and the photic layer integrated 
Discussion
A time series study of coastal winds and surface chlorophyll levels revealed that winter upwelling events are relatively common in the rías of the NW Iberian Peninsula and they used to be accompanied by remarkable chlorophyll peaks (Nogueira et al., 1997) . However, process orientated studies of these winter upwelling events have not been conducted until recently Pardo et al., 2001; Álvarez et al., 2002) and they were just focused on hydrographic and dynamic aspects. Only a biogeochemical study of the net ecosystem production of dissolved organic carbon during a winter upwelling/downwelling sequence has been reported up to now (Álvarez-Salgado et al., 2001) . Therefore, this is the first comprehensive study of the hydrodynamics and biogeochemistry of a winter phytoplankton bloom in the NW Iberian upwelling system. To our knowledge, there are no previous references to this phenomenon in other coastal upwelling systems at comparable latitudes (off Oregon and off Chile), where upwelling and downwelling favourable seasons can also be defined.
The average primary production of the Iberian shelf during the winter time is <0.5 g m -2 d -1 from satellite and in situ estimates (Tilstone et al., 1999) and for the adjacent shelf (Álvarez Salgado et al., 2003; Tilstone et al., 2003) during spring and summer, 45 mg C (mg Chl) -1 lies in the theoretical upper limit and, therefore, point to a high efficient phytoplankton carbon fixation. The resultant primary production rate was 3 times the average primary production of the productive upwelling season in the NW Iberian shelf: 2.5 g C m -2 d -1 (Arístegui et al.,
2004) or 2.1-2.7 g C m -2 d -1 in the middle Ría de Vigo (Moncoiffé et al., 2000) , a number which can be considered representative for coastal upwelling areas of the World Ocean (Wollast, 1998) .
Average surface Chl a levels at the same site during the month of February from a time series of 9 years of measurements repeated twice a week (n = 61 data) was 2.7 mg m -3 , with 80% of the measurements within the 0-6 mg m -3 interval (Nogueira et al., 1997) . Therefore, surface Chl a levels on 25 February was five times the average and more than twice the 90% percentile. In fact, 14 mg m -3 represents the 90% percentile of Chl a concentration during the productive upwelling season, from May to October.
One of the possible fates of the produced material was respiration by the community of micro organisms that occupy the middle segment of the Ría de Vigo. In carbon units, microbial respiration was a relevant process before the onset (18 February) and during the decay of the bloom (28 February), when 50% and 43% of the produced carbon was respired in the photic layer, respectively. In fact, considering the respiration of the lower layer too, it resulted that the middle segment of the ría was close to balance (Pg = R) during those days. It is specially remarkable the high respiration rate recorded in the bottom layer during the decay of the bloom (0.9 g C m -2 d -1 ). For comparison, during the upwelling season, Moncoiffé et al. (2002) obtained an average respiration of 0.5-0.6 g C m -2 d -1 in the aphotic layer of the middle segment of the Ría de Vigo. In any case, considering the study 10 d period, it resulted that 77% of the produced material was available for export to higher trophic levels, the adjacent shelf or the sediments. This ratio of exportable versus produced biogenic materials of 0.8, known as f-ratio after Eppley and Peterson (1979) , is characteristic of the most productive marine ecosystems. For comparison, a mean f-ratio of 0.3 was obtained in the Ría de Vigo during the upwelling season of 1991 (Moncoiffé et al., 2000) and 0.4 in the adjacent Ría de Arousa during the upwelling season of 1989 (Álvarez-Salgado et al., 1996) . The f-ratio of a coastal upwelling system rarely exceeds 0.5 (Wollast, 1998) .
A second possible fate is grazing by microzooplankton. Although phytoplankton growth and grazing rates, estimated in this work from dilution experiments, fell in the range of values reported for other upwelling systems (Neuer and Cowles, 1994; Landry et al., 1998; Edwards et al., 1999) , the relatively low grazing impact in the photic layer (21±3% of phytoplankton growth, except on 18 February when it represented 48%) contrasted with that found by Fileman and Burkill (2001) in shelf waters of NW Iberian margin during summer, when microzooplankton herbivory was an important cause of phytoplankton mortality. This could be explained by the higher importance of microheterotrophs during summer (Figueiras and Ríos, 1993) . In any case, microzooplankton herbivory did not play a relevant role in the decay of the study winter S. costatum bloom.
As a consequence of direct exudation and cell lysis during grazing processes, part of the produced material is released to the photic layer in the form of dissolved Therefore, neglecting other transport processes, the net DOC production in the photic layer should be around 0.36±0.12 g C m -2 d -1 from February 21 to 25. This is <10% of the average Pg, as expected under mesotrophic conditions (Teira et al., 2001a; 2001b) . In addition, <30% of ∆DOC was carbohydrates, a pattern that is also characteristic of nutrient-replete conditions (Normann et al., 1995) . By contrast, during the decay of the bloom, the DOC concentration in the photic layer decreased from 70.8±0.5 to 67.5±0.5 mmol m -3 , i.e. at -1.1±0.7 mmol m -3 d -1 or -0.2±0.1 g C m -2 d -1 . This situation is typical of nutrient-deplete conditions, with microheterotrophs taking advantage of the situation. Net consumption of dissolved organic matter under downwelling conditions has been previously described in the Iberian upwelling system by Álvarez-Salgado et al. (2001) . The absence of nutrients produced that >70% of the DOC decrease in the surface layer were dissolved carbohydrates, a situation also typical of oligotrophic conditions (Normann et al., 1995) . (Smayda and Boleyn, 1966) , which suggests that the high sinking rates measured in the field resulted from the formation of aggregates that increases in abundance during the decay of blooms (Riebesell, 1989) , under condition of high phytoplankton biomass and temperature increase (Thronton and Thake, 1998) .
The success of a phytoplankton population depends on its ability to strike a favourable balance between rates of cell division, grazing losses and sinking (Pitcher et al., 1989) . Comparison of the relevance of physical versus biogeochemical processes for the rapid decay of the S. costatum bloom revealed that sinking was the main mechanism removing cells from the photic layer in the ría. However, this high sedimentation rate was accompanied by an abrupt transition from upwelling to downwelling conditions; whereas upwelling promotes nutrient salts from the lower to the upper layer, this key fertilisation mechanism is depressed under downwelling conditions. Therefore, nutrients depleted (NO 3 -< 0.4 µM N) during the blockage of the residual circulation in the middle ría from 21 to 25 February, were not replenished from 25 to 28 February. The physiological mechanisms responsible for the regulation of phytoplankton buoyancy seem to be determined by ambient light intensity and nutrient regime (Bienfang, 1981; Johnson and Smith, 1986; Culver and Smith, 1989) .
Therefore, the absence of nutrients was the probable cause of the large sedimentation rates from 25 to 28 February as observed in other diatom blooms (Smayda, 1970; Richardson and Cullen, 1995; Waite et al., 1992) . The later authors found that threshold nitrate concentrations approximating K S values signalled the initiation of increased sedimentation. For the case of S. costatum, the threshold ambient nitrate level was 1 µM. Consequently, there seems to be a physically mediated biogeochemical control of the decay of the study winter S. costatum bloom.
Winter blooms are very relevant for the metabolic balance of the ecosystem because they represent a huge entry of freshly produced biogenic materials to the pelagic and benthic communities of the ría during a time when the primary production is commonly at low rates. In the study case, 70% of the material produced during the 10 d period was transferred to the lower layer of the ría. Only 20% of this material was respired by the heterotrophic microbial community of the aphotic layer and the remaining 80% would eventually feed the benthic communities. It is important to note that the fate of the bloom would be completely different if the period of calm would be followed by a new upwelling event. In that particular case, most of the material produced in the middle ría would be exported to the adjacent shelf and, eventually, would feed the benthic communities there. Furthermore, no pigment degradation products, apart from small amounts of chlorophyllide a, were observed during the decay of the bloom. Pigment/chlorophyll a ratios were the same in the photic layer during the development of the bloom as in cells sunk to the lower layer during the decay, strongly supporting that chloroplasts still keep their organization at this stage.
It suggests that S. costatum cells could be still viable and, thus, able to bloom again if a immediate strong upwelling event (able to promote the sunk cell to the photic layer)
succeeded after 28 February.
The biochemical composition of the produced materials is an excellent indicator of its nutritional quality for the pelagic and benthic communities. N and P compounds are preferentially used by microheterotrophs as substrates for structural and reproductive purposes. The average proportion of N and P compounds produced in the upper layer was 52% during the 10 d study period, this is about the average composition of marine phytoplankton (Laws, 1991; Anderson, 1995; Fraga 2001) . This proportion reduced to 47% in the aphotic layer, where the most refractory photosynthates, lipids, represented as much as 46%. This is the result of the preferential consumption of N and P compounds by the water column heterotrophs of the aphotic layer. Moreover, the material that arrived to the pelagic sediments is still of high quality, with proteins and phosphorus compounds representing 44% of the carbon deposited.
Conclusions
The extremely variable hydrographic conditions of the western coast of the Iberian Peninsula, characterised by a succession of shelf wind stress/relaxation events, allow the unusual development of massive phytoplankton blooms during the winter time. In 10 d, the onset, development and decay of pioneer diatoms can occur, if the appropriate combination of upwelling (onset), relaxation (development) and downwelling (decay) conditions succeed. The downward transport of these winter blooms constitute the main entry of fresh materials to the benthic communities during the winter time.
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